(Received for publication July 11, 1925) The symptoms attending the partial or complete saturation of the hemoglobin of the blood with carbon monoxide.are too well known to require detailed comment. With as little as 40 per cent of the hemoglobin combined with carbon monoxide there may ensue deep coma, marked central nervous system symptoms with ankle clonus, positive Babinski and Kernig signs and often death. Occasionally the blood becomes free of carbon monoxide, the coma terminates, but the patient subsequently sinks into coma again and dies, probably as a result of central nervous system damage.
The exact explanation of this train of symptoms is not entirely clear.-Presumably the effects of carbon monoxide asphyxia are those of anoxemia. For, as is well known, anoxemia long continued results in irremedial damage to nervous tissue. This anoxemia is not due primarily to a reduction of the total oxygen of the blood as is commonly supposed, but rather to a marked lowering of the partial pressure at which oxygen is available for tissue metabolism. As will be shown subsequently this effect is the result of a marked alteration in the form of oxygen dissociation curve of blood by carbon monoxide. In the light of this alteration the desperate condition of a subject whose blood is half saturated with CO as contrasted with the comparatively comfortable condition of one who as in anemia cases, has merely lost half his hemoglobin is understandable.
That the effects of carbon monoxide are entirely those of anoxemia is at present an assumption based upon the fact that its toxic effects are supposedly nil. This will be discussed below.
ELIMINATION OF CARBON MONOXIDE
Carbon monoxide, as contrasted with oxygen, has a peculiarly great affinity for hemoglobin. A very small concentration of carbon monoxide in the alveolar air will keep the blood highly saturated with CO. CO at a few millimeters of partial pressure has the same combining capacity as oxygen at a partial pressure of several hundred millimeters. This peculiarity of CO is as yet unexplained, but it enables a small concentration of carbon monoxide in the alveolar air to keep the blood highly saturated with CO and so lead to dangerous asphyxiation. Conversely the recovery of asphyxiated subjects is slow. The elimination of CO from the blood depends upon the reversal of the reaction. Hb + CO . HbCO Under the ordinary circumstances of recovery the conditions favor the establishment of an equilibrium toward the right. The blood gives up a small amount of CO to the alveolar air. But this small amount is sufficient to reestablish equilibrium at a point close to the original saturation. Part of the CO is removed from the alveolar air at each respiration it is true but as a rule the respirations are depressed. A kind of vicious cycle is set up. The two factors, great affinity of CO for hemoglobin and subnormal respiration, lengthen the time of recovery to hours. Unless the CO be rapidly eliminated in a subject with over 60 per cent of saturation, death usually occurs.'
The inhalation of CO2 with pure oxygen effects this rapid elimination. First used by Henderson (1921) its use in many hospitals and particularly in mine rescue stations has demonstrated its value.
Henderson and subsequently Yant and Sayre (1922) showed in experimental animals and subjects that the addition of CO2 to the air or oxygen inhaled shortened the time of elimination of CO frequently to as brief a time as one-half hour. But these investigators attributed the action of CO2 to the increased pulmonary ventilation which it I It has been erroneously supposed by some that the velocity of reaction of CO with Hb is a factor; i.e., reaction (1) goes with great speed toward the right and slowly toward the left. Hartridge (1922) has shown that the reaction is practically instantaneous in either direction. If the conditions are properly selected the reaction in vivo can be made to go with great rapidity in either direction as the subsequent protocols will show.
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caused. This increased ventilation washed out the CO from the alveolar air rapidly, hastening the elimination from the blood by lowering the alveolar CO pressure to a minimum. But increased ventilation may not be the sole or even the important factor operating when CO2 was inhaled by asphyxiated animals. The increased hydrogen ion concentration of the blood during CO2 inhalation must be taken into account and this was not considered by either Henderson or Yant and Sayre.
Theoretical considerations of the equilibrium relations of oxyhemoglobin reduced hemoglobin, carbon monoxide hemoglobin, oxygen carbon monoxide and hydrogen ion concentration, supported by experimental evidence, have enabled us to predict that an increase of the acidity of the blood by any agent, ventilatory rate remaining constant, would result in an increased rate of elimination of CO from the blood. Experimental rates of elimination under these conditions were found to be quite in accord with the prediction.
In addition, the relations developed showed that the primary effect of carbon monoxide was a profound alteration of the oxygen dissociation curve, which, rather than the mere loss of functioning hemoglobin, was the cause of the anoxemia. It is at once evident from the above that increasing acidity of the blood from whatever cause hastens the elimination of carbon monoxide from the blood independently of ventilatory rate.
To test this deduction the following experiments on asphyxiated dogs were done. The results are recorded in Table 2 .
The rate of elimination of CO from the blood was studied under the following conditions:
1 Anesthesia: 30 to 40 cc. of paraldehyde was given by stomach tube three quarters to one hour before the experiment was started. This was found to be sufficient to obtain complete relaxation for two to three hours.
Operation: After the animal was completely anesthesized it was placed on the operating table and a trachea cannula was inserted and connected to an artificial respiration machine. The thoracic cavity was opened by making an incision to the left of the sternum and removing portions of three ribs over the heart. A flap was turned back which gave an opening over the heart of about 10 by 14 cm. Respiration was controlled by an artificial respiration apparatus. Great care was taken to prevent loss of blood. The right femoral artery was exposed for blood sampling. The mediastinal partition was punctured. This caused collapse of the lungs. The rate and degree of expansion and contraction of he lungs were set and maintained at a constant throughout experiments 1, 2, 3 by means of a motor driven artificial respiration machine. The pulmonary ventilation was set at about the normal minute volume and was totally independent of the animal's own respiratory effort.
Gassing: The animal was given pure illuminating gas through the artificial respiration apparatus at 15 to 20-second intervals until the blood became about 60 to 80 per cent saturated with carbon monoxide. After a little experience the desired saturation could be estimated by the animal's heart action.
Blood sampling: Five to 10 cc. samples of blood were drawn from the right femoral artery at intervals with a 10 cc. Luer syringe, and delivered into oxalated sampling tubes under oil.
Blood analysis: Oxygen capacity, oxygen and carbon dioxide content, carbon monoxide content were determined by the Van Slyke (1924) method. The hydrogen ion concentration of the blood was determined colorimetrically by Cullen's method (1923) . The results are given in tables 1 and 2 and figure 1.
In experiment 1 it was found that the blood pH fell slightly during the first half hour of the experiment. To eliminate this complicating factor 10 gm. of NaHCO3 86 was given intravenously. This was found to maintain the blood pH within normal limits.
DISCUSSION
For simplicity of comparison we have plotted the data of table 2 in figure 3 , the initial saturation with CO being the same. 
CONDITIONS
In all cases except one (hyper-ventilation) the ventilatory rate was the same.
The rate of elimination of CO at any instant is proportional to the concentration of CO in the blood, i. Experiments in vitro are given substantiating the equation. By means of this relation it is possible to predict the effect of increasing acidity on the elimnination of CO from asphyxiated animals. It is shown that increasing hydrogen ion concentration in itself will hasten elimination regardless of the ventilatory rate. Experiments on dogs showed this to be so.
It is further shown by the equation that the oxygen dissociation curve of hemoglobin is altered by carbon monoxide. Accepting the hypothesis that carbon monoxide is in itself completely non-poisonous, the altered curve shows that even though twice or three times the physiologic requirements of oxygen are present in the blood there is a marked lowering of the partial pressure of oxygen in the capillaries. This conceivably depresses the rate of diffusion of oxygen to the tissues, thus causing anoxemia.
